The effects of wall thickness and hole shape variation on a full-coverage film cooled turbine vane are investigated in a stationary and linear cascade utilizing the pressure sensitive paint technique. The varied wall thickness produces hole lengthto-diameter ratio (L/D) in a range from L/D=2 to 5, and holes tested include simple angle hole, compound angle hole, and fan-shaped hole. Five rows of holes are provided on the pressure side while three rows of holes are provided on the suction side, with six rows of cylindrical holes drilled on the leading edge to construct showerhead film cooling. The tested blowing ratios for the showerhead, pressure side, and suction side range from 0.25 to 1.5, with a density ratio of 1.5. The freestream Reynolds number is 1.35×10 5 , based on the axial chord length and the inlet velocity, with a freestream turbulence intensity level of 3.5% at the cascade inlet. The results indicate that the wall thickness variation produces significant influence on the pressure side film cooling effectiveness, while only marginal effect on the showerhead and suction side film cooling. Also observed is that the fan-shaped hole generates the highest film cooling effectiveness on pressure or suction side. Also discussed is the surface curvature effect, combining with effects of wall thickness and hole shape variations, on the film cooling effectiveness in comparison to the flat-plate data.
Introduction
Modern heavy-duty gas turbines or aero-engines are requiring higher pressure ratio and turbine inlet temperature to achieve more power generation and higher thermal efficiencies. Typical turbine inlet temperature has increased up to 2100K for aero-engines which generates higher demand of turbine cooling. Common cooling techniques include internal cooling and film cooling. Coolant passes internal channels with different turbulent features and then injects through discrete holes to form a protective film on the turbine blade surface. Recently, some new blade concepts are proposed, for example, near wall cooling or double wall airfoil cooling [1] , where small cooling cavities require impingement with low distance [2] [3] [4] and thin-wall outer foil requires discrete film holes with short length-todiameter ratio [5] [6] [7] . Figure 1 presents a schematic drawing of the double wall airfoil, where the outer foil is covered with film cooling holes.
Designing an efficient turbine film cooling configuration is becoming more complicated by several factors, including geometrical parameters, e.g., hole shape, length-to-diameter ratio, hole spacing, and flow parameters, e.g., blowing ratio, momentum ratio, Mach number, Reynolds number, turbulence intensity and scale to name but a few. These geometrical and flow parameter effects on the turbine film cooling have been studied in the literature through experimental and numerical methods. Early investigations on the turbine film cooling performance have been conducted by Drost et al. [8] , Ames et al. [9] , Cutbirth et al. [10, 11] , and Sargison et al. [12] . Drost et al. [8] employed the transient liquid crystal technique to investigate the film cooling effectiveness and heat transfer coefficient on a turbine NGV airfoil. Tests were conducted for blowing ratios of 0.25 to 2.3 on the suction side, and 0.55 to 7.3 on the pressure side, with a density ratio of 1.65. It was reported that the increased mainstream turbulence had a weak influence on the suction side film cooling, and caused higher film cooling effectiveness on the pressure side. The effects of mainstream Mach and Reynolds number were attributed to changes of boundary layer thickness and flow acceleration. Ames et al. [9] investigated the influence of turbulence on vane film cooling distributions in a four-vane subsonic cascade. The Vane film cooling effectiveness distributions were documented in the presence of a low level of turbulence (1 percent) and were used to contrast results taken at a high level (12 percent) of large-scale turbulence. It was reported that the turbulence had a moderate influence on suction surface film cooling but had a dramatic influence on pressure surface film cooling, particularly at the lower velocity ratios. It was also found that the strong pressure gradients on the pressure surface of the vane altered film cooling distributions substantially. Sargison et al. [12] performed a comparison of adiabatic effectiveness performance of fan-shaped holes, converging slot, and cylindrical holes on a transonic nozzle guide vane in an annular cascade. Surface heat transfer coefficient, the adiabatic cooling effectiveness, and the derived net heat flux reduction were obtained. It was reported that the performance of fan-shaped holes was similar to the converging slot while they were both higher when compared to cylindrical holes in terms of adiabatic effectiveness and net heat flux reduction.
Guo et al. [13] employed the thin-film technique to investigate the effect of hole shape on the adiabatic film effectiveness on the suction side and pressure side in a fully cooled nozzle guide vane in a annular cascade. They found that, on the pressure side, the fan-shaped hole produced higher adiabatic film cooling effectiveness downstream of the cooling hole in comparison to the cylindrical hole, but at a faster decay as the flow developed downstream. Colban et al. [14] measured the adiabatic film effectiveness of fanshaped holes on the suction and pressure surfaces of a turbine vane in the presence or absence of showerhead film cooling. Their study showed that the severe lift-off that was observed for a single row, on the pressure and the suction side, was reduced in the presence of an upstream showerhead. Mhetras et al. [15] examined the effect of showerhead injection at the leading edge and the presence of compound angle holes on the pressure and suction sides of a fully cooled high pressure turbine blade in a stationary, linear cascade. The full-coverage film cooling consisted of six rows of compound angle shaped holes on the pressure side and four rows of such holes on the suction side. It was reported that higher blowing ratios provided higher effectiveness levels on the pressure side, while only marginal influence on the suction side film cooling effectiveness. It was also pointed that the secondary flow vortices such as the passage and the tip vortex significantly impacted the suction side film-cooling effectiveness distribution.
The suction side vane film cooling for shaped holes was investigated by Zhang et al. [16] by using the pressure sensitive paint technique. They found that adiabatic effectiveness increased for fan-shaped holes up to blowing ratio 1.5. Furthermore, Zhang et al. [17] also showed that adiabatic effectiveness decreased for fan-shaped holes on the pressure side if blowing ratio increased above 1.5. Nathan et al. [18] investigated the showerhead and one additional row of cooling on the suction and the pressure surface of a turbine vane in terms of overall cooling effectiveness. The hot spots on the surface within the showerhead region, which might be causes of failure for the turbine vane, were reported in their study. Recently, Nadali et al. [19] employed transient infrared thermography method to investigate the film cooling performance of cylindrical and fan-shaped holes on a cooled turbine guide vane. They presented the adiabatic film effectiveness and net heat flux reduction results due to coolant injection through double and multiple rows in the presence and absence of an upstream showerhead. They found that the choice of best cooling hole shape for film-cooling design was highly influenced by the number of cooling rows to be used and also the presence (or absence) of showerhead cooling.
The effect of full coverage film cooling and heat transfer on turbine blade has been investigated by several studies, including [20, 21] . To meet the cooling demand, the turbine blades are more likely to utilize the full-coverage film cooling to achieve high cooling efficiency. Airfoils like double wall blades may have thin outer sheet of metal and use full-coverage film cooling with film cooling holes with short length-to-diameter ratios. Therefore, the present study is different from previous full-coverage film cooling studies because new experimental data are provided for fullcoverage turbine vanes with varied wall thickness and hole shape. Also data are presented to provide a detailed analysis of curvature effect on the film cooling performance in comparison to flat-plate data.
Experimental Facilities

Five-Vane Linear Cascade
A schematic of the test section is shown in Fig. 2 , consisting of the cascade, open coolant loop, and the data acquisition system [22] . The inlet cross section of the test section is 450 mm (width) × 105 mm (height) and the exit cross section is 125 mm (width) × 105 mm (height). The mainstream is supplied by a centrifugal compressor and goes through a honeycomb-rectifier, which breaks larger vortices and makes the flow more uniform. The approaching flow conditions, including flow velocity, temperature, and turbulence intensity, are measured through thermocouples, five-hole probe, and hot-wire probe, which locate 5C ax upstream the vanes. The freestream turbulence intensity is measured to be 3.5% by a constant temperature anemometer system (DANTEC90N10) with hot-wire probe from Dantec Inc. Table 1 lists some flow conditions, with the inlet Reynolds number of 1.35×10 5 and the inlet Mach number of 0.065. The operation conditions of the linear cascade is lower than the typical flow conditions of industrial gas turbine. However, the present study can provide reasonable estimation on the effects of turbine vane thickness and hole shape. Similar studies can be found in references [10, 11, 14] . Five turbine vanes are implemented to ensure periodicity in flow passages, and the center vane is the test model. Images of the test surface were captured through this acrylic interface by a CCD camera mounted outside the test section. For the secondary flow supplement, an air compressor and high pressure gas tank is used to provide the coolant gas, i.e. air and CO 2 , respectively. The coolant massflow rate is controlled and measured by electric mass flowmeters. The coolant temperature is adjusted by a heat exchanger prior to entering the mainstream and a difference within 0.5°C to mainstream temperature is ensured due to pressure sensitive paint requirement. The coolant temperature in the cavity is measured by thermocouples.
In the experiments, blowing ratios of M=0.5, 1.0, and 1.5 are selected for the showerhead film cooling and pressure side film cooling. Blowing ratios of M=0.25, 0.5, and 1.0 are selected for the suction side film cooling. The density ratio for all the cases is 1.5. The massflow rate corresponding to each passage is calculated by the following expression 
Test Vane Details
The vane coolant passages and hole locations are displayed in Fig. 3 Figure 4 shows geometry details of the holes employed on the suction side and pressure side. Table 2 lists the hole L/D values of thick and thin vanes. Figure 4a indicates the simple angle hole, which has an inclination angle of 35° and hole L/D value around 2 for thin vane and 5 for thick vane. Figure 4b indicates the compound angle hole, which has an inclination angle of 35° and a compound angle hole of 45°. Figure 4c indicates the fan-shaped angle hole, which has an inclination angle of 35° and lateral expansion angle of 10°. The length ratio of cylindrical portion to shaped portion is 1/2. 
Vane Surface Pressure Measurement and The Local Blowing Ratio
The Local blowing ratio is determined by the local mainstream mass flow and the coolant massflow rate. It is defined in the following expression
where ρ and V indicate flow density and velocity, while ∞ and c represent the parameters of mainstream and coolant, respectively. Before the cascade film cooling experiments, the surface pressure along the vane surface is obtained by the pressure measurement system, which is shown in Fig. 5 . The surface pressure along the vane surface is recorded by the computer connected with the pressure transducers. Figure 6 shows the measured pressure data on the tested vane surface, which is also validated by the CFD simulation data. Based on the vane surface static pressure, the stagnation point total pressure, the inlet total temperature, the isentropic Mach number and the total temperature along the vane surface can be deduced by the equation
Combining with measured coolant massflow rate, the local blowing ratio of every row of holes can be determined form Eqn. (2). 
Pressure Sensitive Paint and Adiabatic Effectiveness
Pressure sensitive paint (PSP) has been widely used in measuring film cooling effectiveness such as Russin et al. [23] and Ahn et al. [24] . Recently detailed uncertainty analysis work has been conducted by Natsui et al. [25] . It is proved that the PSP technology is a powerful tool for film cooling effectiveness measurements due to its high precision, stability, and repeatability. Film cooling effectiveness measured using PSP is based on heat/mass analogy and thus can be expressed by oxygen concentration as [23] :
where C ∞ is the oxygen mass concentration of mainstream gas, C c is the oxygen mass concentration of coolant gas, and C mix is the oxygen mass concentration of the gas mixture on the test surface. Oxygen mass concentration can be converted to oxygen partial pressure and the expression of film cooling effectiveness is reorganized as: (6) in which the (P O2 ) air is the oxygen partial pressure of mainstream gas, (P O2 ) mix is the oxygen partial pressure of coolant gas, M c is the average molecular weight of air, and M air is the molecular weight of coolant.
PSP is an oxygen-quenching photo-luminescent material which emits light when excited. The emitted light intensity is reduced with the existence of oxygen. Currently, the Uni-FIB PSP (UF470-750) from ISSI Inc. is used in the experiments. LED light with a wavelength of 470nm excites the PSP and the emitted light is recorded by a CCD camera with a filer to shield the excitation light [26] . Four different kinds of images are recorded during the experiments: image with mainflow and N 2 /CO 2 , image with mainflow and air, image without mainflow and coolant (reference image), and background image (to remove noise). The light intensity is extracted from these images and normalized in a manner to get light intensity ratio. The light intensity ratio is converted to pressure ratio using a calibration curve shown in Fig. 7 which was obtained using a calibration device similar to Li et al. [26] . The pressure was normalized with the room pressure (P 0 ), while the intensity data were normalized with three different reference conditions recorded at room pressure and at the same temperature of the correspondent curve (I 0 ).
The typical uncertainty of adiabatic film cooling effectiveness measurements varies with different coolant gas, i.e. CO 2 .The uncertainty is estimated to be 6% for η higher than 0.3, and 11% for η around 0.1 [26] . All the uncertainty analysis is based on 95% confidence. 
Experimental Validation
In order to validate the measurement technique, the experimental measured film cooling effectiveness on the flat-plate is compared with previous studies. Figure 8 shows the laterally averaged film cooling effectiveness comparison between present data and published data for simple angle hole and fan-shaped hole. Figure 8a shows the comparison of simple angle hole with the data from Waye et al. [27] and Saumweber et al. [28] . The pitch-to-diameter ratio, lengthto-diameter ratio, and density ratio in the published data are quite similar to the present study. Some small differences are primarily attributed to inlet boundary conditions, like turbulence intensity and boundary layer state. Figure 8b shows the comparison of fan-shaped angle hole with data from Saumweber et al. [28] , An et al. [29] , and Dittmar et al. [30] . Overall, it can be stated that the present film cooling effectiveness agree well with published data, which demonstrates the high quality of the PSP measurement technique. 
Showerhead Film Cooling Results
The showerhead film cooling effectiveness distribution is shown in Fig. 9 at three blowing ratios of M=0.5, 1.0, and 1.5. In the stagnation region near S/D=0, the internal-toexternal pressure difference is low, resulting in low jet momentum in the three rows of holes. Also low freestream momentum causes weak jet-to-crossflow interaction, which leads to less deflected jet trajectory than the other rows of holes. As the flow develops downstream, the deflected jet trajectory is evidently observed and the film cooling effectiveness is remarkably improved due to more coolant coverage. More coolant coverage in the downstream region is caused by coolant accumulations from upstream hole rows, and increased jet momentum due to larger internal-toexternal pressure difference.
As the blowing ratio increases from M=0.5 to M=1.5, the variation trends for stagnation region and downstream region are opposite. For the stagnation region, the increase of blowing ratio leads to increased film cooling effectiveness near the hole exit or two adjacent film rows. This is because more coolant accumulates near the stagnation region as the blowing ratio increases. However, the trend is reversed for downstream regions where S/D≤5 and S/D≥5. Increasing the blowing ratio generally brings about a visible drop in film cooling effectiveness, which is consistent with the data of Gao et al. [31] . It is suspected that the increased blowing ratio causes the jet to be more susceptible to lift off the surface and decreases the film cooling effectiveness.
Fig. 9
Contours of showerhead film cooling effectiveness at three blowing ratios. Figure 10 shows the laterally averaged film cooling effectiveness with varied hole L/D at blowing ratios of M=0.5 and M=1.5. The figure shows the effect of varying wall thickness on the showerhead film cooling effectiveness. Figure 10a shows that the film cooling effectiveness in the stagnation region is remarkably lower than the downstream region due to lower coolant coverage. At region S/D≥0, i.e., from stagnation line to pressure side, increasing the wall thickness produces slight improvement in film cooling effectiveness. At region S/D≤0, i.e., from stagnation line to suction side, the trend is reversed and increasing the wall thickness decreases the film cooling effectiveness slightly. As the blowing ratio is increased to M=1.5 in Fig. 10b , the film cooling effectiveness in the stagnation region shows noticeable improvement and is comparable to the downstream region, which is ascribed to more cooling injection. A closer inspection to the figure indicates a slight decrease in film cooling effectiveness caused by the increase in wall thickness. It is concluded that the dependency of showerhead film cooling effectiveness on reducing wall thickness is associated with blowing ratios. It is also found that the variation of showerhead film cooling effectiveness due to wall thickness reduction is generally marginal. This may indicate that the showerhead overall cooling efficiency can be enhanced through reducing wall thickness and wall thermal resistance, with limited influence on the film cooling effectiveness. 
Suction Side Film Cooling Results
The blowing ratios for the hole rows of SS1, SS2, and SS3 range from M=0.25 to M=1.0. Blowing ratios for individual hole row is controlled and identical to other hole rows for better comparison. Figure 11 shows the contours of suction side film cooling with varied hole shape at the blowing ratio of M=0.5. Figure  11a shows the film cooling effectiveness distribution of simple angle hole. It is observed that the long and welldefined coolant traces are produced behind SS1-SS3 rows due to strong flow acceleration. For example, the coolant traces travel around 55 hole diameters downstream from SS2 row. The coolant from SS1 row extends to downstream of SS2 row, which leads to accumulated coolant coverage and elevated film effectiveness. Also observed is that the coolant traces become thinner and shorter downstream SS3 row compared to SS2 row, which may be an indicative of coolant lift-off and higher mixing losses. Figure 11b displays the film cooling contour of compound angle hole. Higher film cooling effectiveness is observed downstream SS1 and SS2 rows, since the compound angle favorably suppresses the jet into the surface. The coolant traces downstream SS1 and SS2 rows are less slender and more diffused in comparison to the simple angle hole. The jet trajectory of SS3 behaves quite identically to the simple angle hole due to high freestream acceleration and convex curvature. Figure 10c shows that fan-shaped hole brings about significant improvement in film cooling effectiveness in comparison to simple and compound angle holes. The coolant traces become fuller and more diffused in lateral directions. The shaped portion expansion reduces the jet momentum and the jets stay closer to the surface. The decreased jet-to-momentum interaction also reduces the coolant dispersion and diffusion, which results in higher film cooling effectiveness. The coolant accumulations from SS1 and SS2 rows produce high film coverage which extends around 40 hole diameters. A quantitative description of the hole shape effect on the film cooling effectiveness is plotted in Fig. 12 . Data with blowing ratios of M=0.25 and M=1.0 are shown in terms of laterally averaged data. Figure 12a shows that the hole shape variation generally produces marginal influence on the laterally averaged film cooling effectiveness with the low blowing ratio, except regions downstream SS3 row. No discernable jet lift-off is observed for SS1 and SS2 rows due to low jet momentum and high flow acceleration. Fanshaped hole shows visible superiority over simple and compound angle holes in achieving higher film cooling effectiveness downstream SS3 row. This is ascribed to the jet lift-off occurred in simple and compound angle holes, which results in lower film cooling effectiveness. As the blowing ratio is increased to M=1.0 in Fig. 12b , the film cooling effectiveness is remarkably reduced for simple and compound angle holes from SS1 to SS3 rows due to jet liftoff. On the contrary, the fan-shaped hole shows remarkable improvement of film cooling effectiveness. The improvement is more pronounced between SS1 and SS3 rows than downstream SS3 row. The enlarged hole exit area suppresses the jet lift-off and provides better film coverage. Fan-shaped hole shows higher film cooling effectiveness up to 0.2-0.3 than cylindrical holes downstream SS2 row. The superiority decreases downstream SS3 row due to coolant dispersion and diffusion. It is concluded that improvement in film cooling effectiveness due to hole shape variation becomes more pronounced as blowing ratio increases. 
Hole shape variation effect
Wall thickness effect
The wall thickness effect on film cooling effectiveness is plotted in Fig. 13 at blowing ratio of M=0.5. The data of simple angle hole, compound angle hole, and fan-shaped hole are shown in Figs. 13a, 13b , and 13c, respectively. It can be stated that the wall thickness variation has very limited influence on the suction side film cooling effectiveness irrespective of hole shape. Only marginal improvement is observed between SS2 and SS3 rows in Fig.  13c as the wall thickness is reduced. The results on the suction side are not consistent with the flat-plate results obtained by Li et al. [5, 32] . The experiments in the flat-plate [5] and present study were conducted in the same wind tunnel and have almost similar hole shapes. The flat-plate film cooling results indicated that as the hole L/D increases, the film cooling effectiveness increases for simple angle hole and fan-shaped hole, while remains almost invariant for the compound angle hole. This is associated with the in-hole vortical structures and mainstream kidney vortex development, which was revealed by the accompanying LES results [33] . Therefore, one can see that the variation trends of simple angle hole and fan-shaped hole in the suction side are inconsistent with the flat-plate results. This is suspected to be caused by the flow field features near the suction side, among which the cross-stream pressure gradient due to curvature dominates. The cross-stream pressure gradient causes bulk flow movement from pressure side to suction side and suppresses the coolant jet to the wall, which remarkably increases the film cooling effectiveness [35] . Strong flow acceleration occurs on the suction side due to reduced passage cross-sectional area, which causes local reduction in near-wall turbulence intensity. The convex curvature also favorably stabilize the flow and reduce nearwall turbulence intensity. The reduced near-wall turbulence favorably increases the film cooling effectiveness on the suction side, which is demonstrated by Narazary et al. [34] . The increase in film cooling effectiveness, which is caused by cross-stream pressure gradient and reduced near-wall turbulence, compensates with the decrease of film cooling effectiveness due to wall thickness reduction, for the simple angle hole and fan-shaped hole. Therefore, it is concluded that the film cooling results obtained on a flat-plate cannot be used for vane film cooling design without any modification. The limited influence on the suction side film cooling effectiveness caused by wall thickness reduction may suggest that overall cooling efficiency can be enhanced through reducing wall thickness and wall thermal resistance. 
Pressure Side Film Cooling Results
The blowing ratios for the hole rows of PS1 to PS5 range from M=0.5 to M=1.5. Blowing ratios for individual hole row is controlled and identical to other hole rows for better comparison. Figure 14 shows the contours of pressure side film cooling effectiveness with varied hole shape at M=0.5. Overall, the simple angle hole shows a quite similar film cooling pattern to that of compound angle hole, except some local improvement near the hole trailing edge for the compound angle hole. This indicates that the compound angle hole shows rare superiority over simple angle hole in cascade conditions. However, the film cooling effectiveness is greatly improved due to the fan-shaped hole. It is observed that the coolant traces are smeared and shorter in comparison to these on the suction side, which is caused by the local high near-wall turbulence generated by concave curvature and a slower and thicker boundary layer. The concave curvature causes instability to the near-wall flow and increases the turbulence intensity. A closer inspection also reveals that the PS1 and PS2 rows show longer and fuller coolant traces, while PS3-PS5 rows show shorter and slender coolant traces. This is associated with local turbulence intensity and local freestream acceleration. The local turbulence is gradually intensified due to concave curvature instabilization effect as the flow develops downstream, which promotes jet dispersion and turbulence diffusion. Also strong freestream acceleration occurs as the flow approaches the throat or trailing edge of pressure side, which strengthens the vorticity of kidney vortex [15] . The accelerating boundary layer also promotes the attachment of kidney vortex to the wall [15] . These flow features contribute to the film cooling effectiveness degradation from leading to trailing edge on the pressure surface. The laterally averaged film cooling effectiveness plot as a function of hole shape is shown in Fig. 15 at blowing ratios of M=0.5 and M=1.5. It is evidently observed that the fanshaped hole shows much higher film cooling effectiveness than the cylindrical holes, and the superiority becomes more pronounced as the blowing ratio increases. This is due to jet lift-off occurring for the cylindrical holes at high blowing ratios. It is also noticed that the simple and compound angle holes show quite identical film cooling effectiveness distributions on the pressure side surface. This variation trend on the pressure surface is consistent with that on the suction surface. 
Hole shape variation effect
Wall thickness effect
The laterally averaged film cooling effectiveness of cylindrical and fan-shaped holes is shown in Fig. 16 to reflect the wall thickness effect. Figure 16a shows that the film cooling effectiveness of simple angle hole increases as the hole L/D increases, which is consistent with the flat-plate results [5] . Increased hole L/D allows a more complete degradation of hole velocity deficit and attenuated in-hole counter rotating vortex pair, which promotes the coolant attachment to the wall and increases the film cooling effectiveness. Figure 16b shows that increasing the hole L/D provides marginal influence on the film cooling effectiveness of compound angle hole, which is also reflected by the flat-plate results [5] . The accompany LES results indicated that the compound angle hole with short L/D generates additional shearing vortices to offset the single main rotating vortex and thus enhance film cooling performance [5] . Figure 16c shows that, for the fan-shaped hole, increasing the hole L/D produces remarkable improvement on the film cooling effectiveness, as illustrated by the flat-plate results [32] . The improvement is more pronounced than the simple angle hole. This is because increased hole L/D leads to more expanded hole exit area and more complete development of in-hole flow. The wall thickness effect on the pressure side film cooling is different from the suction side film cooling. Therefore, it is recommended that short fan-shaped hole with high cooling performance should be developed if designers want to make use of thin turbine airfoils. 
Superposition method validation
Since the pressure side utilizes the full coverage film cooling, the superposition effect can be estimated through comparing the experimental data with the predictive data by Sellers' method [36] . The additive method proposed by Sellers is defined in the below equation: Figure 17 shows the comparison of experimental data and predictive data on pressure side with varied hole shape and hole L/D at blowing ratio of M=1.0. The data used for prediction is the experimental data of single row hole at M=1.0. Evidently, the predictive data agree well with the experimental data, except for some local discrepancy occurs beyond S/D=60 at Fig. 17b . Generally, it might be stated that superposition effect of the full coverage film cooling on the vane pressure side, with the streamwise hole pitch around 20D, can be adequately predicted by the Sellers' method. The hole geometry variations, including hole shape and hole L/D, and the cascade flow conditions, like surface curvature, flow acceleration, and turbulence production and dispersion, exert limited influence on the application of the Sellers' method. 
Discussion on Surface Curvature Effect
Surface curvature effect on film cooling effectiveness of cylindrical hole has been studied extensively, with convex curvature increasing film effectiveness and concave curvature decreasing film effectiveness. Generally, curvature effects have been presumed to scale with r/D at the film cooling hole location, where r is the radius of curvature and D is coolant hole diameter. Previous studies indicated that, for the film jet on curve surface, the balance between the centrifugal force and the cross-stream pressure gradient was crucial for determining the jet trajectory [37, 38] . Ito et al. [37] deduced that if the tangential momentum of jets was less than unity, the cross-stream pressure gradient overwhelmed the centrifugal force and the jet came closer to a convex wall, but moved way from a concave wall, which resulted in increasing film cooling effectiveness on a convex wall while decreasing film cooling effectiveness on a concave wall. If the tangential momentum of jets was larger than unity, the centrifugal force overwhelmed the crossstream pressure gradient and the variation trend of film cooling effectiveness on convex or concave surface was reversed. Schwarz et al. [38] indicated that several factors influenced the film cooling performance of a row of holes on curve surface, including tangential momentum of jets, normal momentum of jets, concave instabilities, and crossstream pressure gradient. The tangential momentum of jets determines the balance between the centrifugal force and the cross-stream pressure gradient. The normal momentum of jets works to degrade film cooling effectiveness on concave or convex surface, since it tends to pull the jet away from the surface. The concave instabilities indicates high turbulence mixing on concave wall caused by the Gortler's vortices due to concave curvature. The cross-stream pressure gradient is pointing from a high pressure region near the concave surface to a low pressure region near the convex surface, which tends to move the film jet into a convex wall and away from a concave wall. The turbine blade generates concave curvature and convex curvature on the pressure side and suction side respectively, which produces opposite influence on the film cooling effectiveness. Therefore, the present study evaluates the blade surface curvature effect on the film cooling effectiveness of simple angle hole and fan-shaped hole with varied hole L/D, by comparing the vane data to the flat-plate data [5, 32] . Figure 18 shows the comparison of laterally averaged film cooling effectiveness of simple angle hole with L/D=5.2 with flat-plate data. Data presented on the pressure side locate at PS3 and have a curvature of r/D=99, and on the suction side locate at SS3 and have a curvature of r/D=90. Figure 18a shows that, on the pressure side, the film cooling effectiveness is reduced for M=0.5, while elevated for M=1.0 and M=1.5, compared to the flat-plate data. This variation trend is consistent with the findings of Qin et al. [35] . Qin et al. [35] found that the concave curvature caused a reduction of film cooling effectiveness when the blowing ratio is less than 0.8, while an increase when the blowing ratio is larger than 0.8. The variation trend is ascribed to the relationship between the cross-stream pressure gradient and the centrifugal force, and the concave instability. At the blowing ratio of M=0.5, the tangential momentum of jet is low, and then the cross-stream pressure gradient overwhelms the centrifugal force, which pulls the jet away from the concave surface and leads to reduced film cooling effectiveness in comparison with flat-plate data. On the other hand, the intensified turbulence intensity due to Gortler's vortices causes enhanced turbulence mixing and degrades the attachment of jet to wall, which results in the decrease of film cooling effectiveness. At medium to high blowing ratios, the tangential momentum of jet is high, which leads to an overwhelming centrifugal force over the cross-stream pressure gradient. The jet is pushed towards the concave surface and the film cooling effectiveness is promoted. Also, the high turbulence motion and turbulence mixing favorably promotes the coolant coverage on the surface when the jet detaches the surface and increases the film cooling effectiveness.
In Fig. 18b , for the suction side, the film cooling effectiveness on convex wall is higher than the flat-plate data at the blowing ratios of M=0.25 and M=0.5, while lower than the flat-plate data at the blowing ratio of M=1.0. This variation trend is also consistent with the findings of Qin et al. [35] . Qin et al. [35] found that the convex curvature enhances the film cooling effectiveness when the blowing ratio is less than 0.8, while degrades the film cooling performance when the blowing ratio is larger than 0.8. This variation trend is mainly associated with the relationship between the centrifugal force and the crossstream pressure gradient, as indicated by Ito et al. [37] . At low blowing ratio of M=0.25 and M=0.5, the tangential momentum of jet is low, and so the force induced by the cross-stream pressure gradient is higher than the centrifugal force. This contributes to push the jet into the convex surface and enhances the film cooling effectiveness over the flatplate data. At the blowing ratio of M=1.0, the force induced by the cross-stream pressure gradient is lower than the centrifugal force, and hence the jet is pulled away from the convex surface, resulting in reduced film cooling effectiveness compared with flat-plate data. On the convex surface, the mainstream is highly accelerated and the nearwall turbulence intensity is weakened. Therefore, the turbulence intensity plays a second-order role on the convex surface on influencing the film cooling effectiveness. suction side. Figure 19 shows the comparison of laterally averaged film cooling effectiveness of simple angle hole with L/D=2.2 with flat-plate data. This is used to show how the hole length-to-diameter ratio influences the curvature effect on the film cooling effectiveness. The LES results by the authors of simple angle hole with L/D=2 and 5 revealed that decreasing the hole length promotes the jet lift-off due to a more skewed hole exit velocity profile [33] . Fig. 19a shows that, on the pressure side, the film cooling effectiveness on the concave surface is slightly lower than the data on flatplate for all the blowing ratios, which is inconsistent with the variation trend of simple angle hole with L/D=5.2.This is associated with the variation of hole length, which changes the jet penetration features. At the low blowing ratio of M=0.5, the jet still attaches the wall and the cross-stream pressure gradient pulls the jet away from the surface, decreasing the film cooling effectiveness. As the blowing ratio increases, the jet penetrates more deeply into the freestream and detaches the surface, which decreases the film cooling effectiveness. Since the jet lift-off is more severe for the L/D=2.2 than the L/D=5.2, the favorable influence of the centrifugal force, which pushes the jet into the wall, cannot offset the unfavorable influence of jet liftoff. Consequently, the film cooling effectiveness on the concave surface behaves quite identical to the flat-plate. In Fig. 19b , it is also observed that the favorable influence of the cross-stream pressure gradient, which pushes the jet into the wall at M=0.25 and 0.5, on the film cooling effectiveness is less pronounced than the hole with L/D=5.2. Still, at the blowing ratio of M=1.0, the film cooling effectiveness on the convex surface behaves worse than the flat-plate. The comparison of laterally averaged film cooling effectiveness of fan-shaped hole with L/D=5.2 with flatplate data is shown in Fig. 20 . Figure 20a shows that the film cooling effectiveness on concave surface is slightly lower than the flat-plate data at M=0.5 and 1.0, while slightly higher than the flat-plate data at M=1.5. The jet momentum at the hole exit is attenuated due to the hole expansion in lateral direction, which results in a reduced centrifugal force imposed on the jet in comparison with the cylindrical hole. This delays the point where the centrifugal force exceeds the force caused by the cross-stream pressure gradient for the fan-shaped hole. Consequently, the point lies between M=1.0 and M=1.5 for the fan-shaped hole, which is different from the point for the simple angle hole lying between M=0.5 and M=1.0. For the suction side, Fig. 20b shows that the convex curvature favorably causes a marginal improvement on the film cooling effectiveness in comparison with the flat-plate data. This is because the jet is pushed into the wall since the centrifugal force is lower than the force caused by the cross-stream pressure gradient. Overall, the inclusion of shaped portion in the hole reduces the jet momentum and delays the point where the centrifugal force exceeds the force caused by the cross-stream pressure gradient. Also, the variation of film cooling effectiveness for the fan-shaped hole is less sensitive to surface curvature than the cylindrical holes. It can be concluded that the hole shape and hole L/D can influence the curvature effect to different extent, since they influence the jet lift-off behaviors. 
Conclusions
The present study experimentally investigates the film cooling performance of a full-coverage film cooled turbine vane in a stationary and linear cascade. The tested blowing ratios for the showerhead, pressure side, and suction side range from 0.25 to 1.5, with a density ratio of 1.5. Geometrical parameters investigated included wall thickness (L/D from 2 to 5) and hole shape (simple angle hole, compound angle hole, and fan-shaped hole). The main conclusions are listed as follows: (1) The showerhead cylindrical holes produce the highest film cooling performance at the blowing ratio of M=0.5. Increasing the blowing ratio leads to jet lift-off and reduces the film cooling performance. The variation of showerhead film cooling effectiveness due to wall thickness reduction is generally marginal. (2) For the suction side, as the blowing ratio increases, the film cooling effectiveness is reduced for the simple and compound angle holes, while increased for the fanshaped hole. Wall thickness variation has a limited influence on the film cooling effectiveness irrespective of hole shape. This is because the favorable influence caused by cross-stream pressure gradient and reduced near-wall turbulence compensates with the unfavorable influence due to wall thickness reduction. (3) For the pressure side, the fan-shaped hole shows much higher film cooling effectiveness than the cylindrical holes, and the superiority becomes more pronounced as the blowing ratio increases. Increasing the wall thickness brings improvement by about 0.1-0.2 in film cooling effectiveness for simple angle hole and fanshape hole, while marginal improvement for the compound angle hole. Also the superposition method proposed by Sellers is validated. The geometrical variations, i.e., hole shape and wall thickness, exert limited influence on the application of the Sellers' method on the pressure side. The surface curvature effect is discussed based on the film cooling effectiveness data of PS3 and SS3 rows of holes. Overall, the relationship between centrifugal force and the force caused by the cross-stream pressure gradient varies with wall thickness and hole shape. For the thick wall, the variation trend of simple angle hole with concave or convex curvature behaves differently with varying blowing ratios. The turning point for cylindrical hole lies between M=0.5 and M=1.0. Decreasing the wall thickness narrows the gap between film cooling data on curved wall and flat wall for the simple angle hole due to more severe jet lift-off. The fanshaped hole dramatically reduces the sensitivity of film cooling effectiveness on wall curvature due to lower hole exit jet momentum, and consequently, the turning point lies between M=1.0 and M=1.5 for the fan-shaped hole. 
